Abstract. Thirty-nine samples of natural gases representing varied chemical compositions and geological occurrences were analyzed for their helium, radiogenic argon, and atmospheric argon contents. The total range in the (He/A)r•d ratio was found to be 1.6 to 130 with most samples having values between 6 and 25. This range of values is essentially equal to the production ratio from the uranium, thorium, and potassium in average igneous rocks and a wide variety of sediments. This indicates that all of these natural gases have obtained their radiogenic gases from rather average rock types. This is true in spite of the fact that the gases range in helium content from 37 to 62,000 ppm.
INTRODUCTION
The purpose of this study was to investigate the relationship between the abundances of helium and argon in natural gases of different compositions and environments and to examine the isotopic composition of the carbon in these gases. Since the discovery of terrestrial helium in natural gases by Cady and McFarland [1906] , a vigorous search has been made for helium-rich gases, and a considerable number of total gas analyses that include helium determinations exist in the literature. These have been made using both volumetric and mass spectrometric techniques [Rogers, 1921; Anderson and Hinson, 1951; Boone, 1958] .
The origin of high helium natural gases, some of which have helium contents as great as 10 per cent, has been the subject of considerable speculation. The He 4 contained in them is presumably the product of the radioactive decay of U They therefore concluded that these helium wells were probably formed from the accumulated radiogenic gases found in rocks with a ratio of U/K typical of normal igneous rocks, and that in no way could these gases be the result of accumulation from an enriched uranium reservoir.
For these samples it was shown that the A•/A •6
ratio was the same as that found in atmospheric argon and it was therefore possible to make estimates of the contribution of 'atmospheric gases.
EXPERIMENTAL TECHNIQUES
We have studied a variety of natural gases covering a wide compositional and environmental range in order to attempt some understanding of their origin. In this study we have restricted our efforts to well gases and have not investigated volcanic or hot spring emanations. Thirty-nine samples were analyzed for their helium and argon contents and for isotopic composition. Partial gas analyses for other major constituents were also made. The isotopic composition of the total gas carbon, methane carbon, and carbon dioxide carbon were determined. The results of this investigation are presented in Tables 1 and  2 , together with pertinent well data for each sample. The accompanying total gas analyses represent data supplied us by the participating petroleum and natural gas companies, partial gas analyses performed in our laboratory, and a combination of these two sources. With the exception of three samples, the H•S contents were less than 0.01 per cent. For samples 14, 34, and 35, the H•.S contents were 0.04, 0.09, and 0.12 per cent, respectively. With the exception of samples 29, 30, 31, and 32, the well gases were collected using standard high-pressure, stainless steel gas cylinders with valves on both ends. The cylinders were connected to the gas source and purged of air by passing well gas through them under positive pressure for several minutes. The outlet valve was then closed, and the pressure in the cylinder was allowed to reach a satisfactory value (20-3000 psig), and then the valve to the source was closed. All of these sample vessels were at a pressure of considerably over I atmosphere when they were used for analysis. Samples 29-32 from the Texas Panhandle gas field were obtained by Henry Faul in 1954. They were collected in glass cylinders that had openings at both ends. After allowing the gas to pass through the cylinders at slight positive pressure for a few minutes, both ends of the vessel were sealed off. In every instance the helium, argon, and carbon analyses were done on the same sample.
The gas cylinders were joined onto a vacuum line ( Fig. 1) with metal-to-glass couplings and the system was evacuated with all the furnaces heated and outgassed before each run. After the system was found to be vacuum tight, some gas was released into a part of the system of known volume and the pressure measured on a manometer. For most samples a tracer of A ss was introduced and the gases mixed. The sample size ranged from 2 to 100 cc STP. For total gas carbon analyses, all gas was then pumped directly into the combustion system. For methane carbon analyses, liquid N, was placed on a cold trap and the noncond•nsible fraction was continuously pumped into the combustion system until no gas phase remained. The combustion procedure used was similar to that described by Craig [1953] . A CuO furnace, made of fused quartz, was heated to 900-950øC, and the gases were cycled through it until complete combustion to CO•. was obtained. During this combustion period, dry ice baths were placed on a cold trap to collect the water produced. After combustion, the dry ice baths were replaced with liquid nitrogen and the noncondensibles--including N2, He, and A--were transferred by a Toepler pump into another section of the line (of known volume) containing a Ti furnace, 1VfcLeod gages, and a sample tube filled with activated charcoal. The Ti furnace was heated to approximately 950øC and the gas sample purified. The amount of this noble gas residue was then measured, using a McLeod gage. Liquid N, was next applied to the charcoal trap and the condensible fraction quantitatively absorbed. The pressure was again measured and attributed to helium. The argon sample tube was sealed off from the line and mass spectrometrically analyzed. The helium yield was checked by running samples of known helium concentration and by comparing the results of duplicate analyses in which the combustion time and the amounts of gas were varied by a factor of 4. The purity was checked by observing the Tesla discharge color. No detectable loss of helium by diffusion through the fused quartz combustion tubes was observed. According to the work of Norton [1953] on the diffusion of helium through fused quartz at various temperatures, it was expected that less than I per cent of the helium would be lost by diffusion during the combustion procedure. Blank runs carried out under conditions similar to those in which a sample was being analyzed showed no appreciable introduction of inert gases into the line.
The argon content was determined by (1) the difference between the volumetrically determined total noble gas residue and the helium content, (2) a volumetric determination of the condensible fraction after a second purification (before which the helium was pumped off and the Ti furnace outgassed), and (3) isotope dilution using A 88 tracers of known content as described by Wasserburg and Hayden [1955] . The volumetrically determined argon values are generally higher than the isotope dilution value. The first method yields argon contents up to 40 per cent higher than the isotope dilution value, whereas the second method shows discrepancies of up to 15 per cent. The results obtained by the first method were highly reproducible over a long period of time. They were, nevertheless, frequently in error, presumably owing to the Table i have been determined by isotope dilution.
After the noncondensibles were pumped out of the part of the line containing the CuO furnace, the liquid nitrogen baths that hold H•.O and C02 were again replaced by dry ice baths and the C02 was allowed to sublime into this part of the line. The CO•. was then transferred into a sample tube for isotopic analysis. The accompanying water was then held with a dry ice bath, and the purified COs transferred into a sample vessel and mass analyzed. In some of the carbon dioxide well samples, hydrocarbons were not detected, and therefore the CO: was purified by simply pumping off the noncondensibles at liquid nitrogen temperature. The Farnham Dome samples contained considerable amounts of I-I•S, and this was removed by passing the gas repeatedly over heated silver filings.
All of the helium analyses and those argon analyses that were determined by isotopic dilution are most probably accurate to within 10 per cent. The helium was not isotopically analyzed; the argon isotopic composition is given in Table I The atmospheric ratio of nitrogen to argon is 84, and the ratio for the dissolved gases in water in equilibrium with the atmosphere at 20øC is 38. Although it may be reasonable to postulate simple mechanisms of gas solution and effervescence, which could account for a factor of 2 or 3 change in the atmospheric (N,/A, i r) ratio, most of the gas samples show much higher nitrogen enrichments. Therefore, in most instances only a small fraction of the nitrogen content of these gases reasonably can be attributed to incorporated air.
As will be shown later, the ratio of (He/A)raa in all samples investigated in this report had values of 1.6-130. Such a range in this ratio is believed to be characteristic of all natural gases, and therefore, if a gas shows a (He/A) ratio of much less than this, it may be assumed, in lieu of an argon isotopic analysis, that the argon is mainly nonradiogenic and has a corresponding amount of atmospheric nitrogen associated with it. 2. The ratio R of the total gases produced in the interval from a time 4.5 X 10' years ago until r years ago.
3. The ratio R of the total gases produced in the interval from r years ago to the present. On the other hand, an evaporite produced from uncontaminated sea water would yield a U/K ratio one hundred times less, and, in addition, may have a Th/U ratio close to zero. Exclusive of carbonates, however, the normal rock types exhibit a rather constant U/K ratio. The possible range in the U/K ratio is about 5 powers of 10 in extreme rock types. If some natural processes operate over a sufficiently large scale, they will tend to average over such variations. For example, carbonate rocks are frequently intercalated with shales tending within a given stratigraphic unit to cancel the differences obtaining in the pure lithologies' a 50-50 mixture of a pure limestone and a shale will yield a rather normal U/K ratio. In general, it will be exceedingly difficult to relate the radiogenic helium and argon in any reservoir to a particular rock source, since these gases undoubtedly will have migrated over some distances and through different rock types. In certain instances it may be possible to show that these gases could have been produced within their present reservoir, but this will not be a unique attribute. Considering the wide variations possible in R, owing to variations of the U/K ratio, it is remarkable that the measured values lie within such a restricted range. It is our interpretation that this is because of the large-and small-scale averaging inherent in the processes of accumulation with the total source having a 'normal' U/K ratio.
One of the important factors concerning the He and A to be investigated is the escape of these gases from the minerals in which they originated. That A•0-K •0 and helium age-dating methods work at all attests to the retention of at least some of these gases in the source minerals.
Much work has been done by Keevil [1941 Table 4 . Since, in general, the observed helium and argon losses are roughly proportional to the helium and argon contents, respectively, of the mineral, the (He4/A4ø),aa ratio of the 'available' gas will be equal to the (He4/A 4ø) production ratio in the total rock multiplied by some constant, which will be taken to be time independent.
The value of this constant will be the fractional helium loss, •H., divided by the fractional argon loss •A. As an approximation we might expect a fresh igneous rock to lose 3/5 its Ite 4 and 1/5 its A 4ø into interstitial pore spaces. Weathering and aliagenetic processes can do little to increase the already high yield for Ite 4 from the rock, but they offer ample opportunity for breaking down potassium-bearing minerals and releasing much retained argon. Thus, we might expect sediments to favor the outgassing of argon more highly than an equivalent fresh igneous rock. The relative rates of escape of helium and argon from rocks at elevated temperatures and pressures are poorly known. However, a more complete loss of both gases might be expected under conditions of metamorphism. If a rock which If compositional variations are ignored, it is seen that the effects of the other parameters will permit over an order of magnitude variation in R. Thus, the value of R actually observed in natural gas may range between extremes of at least 3-50 without any need for assuming compositional differences. However, uranium and thorium, which generally occur as trace elements, are subject to wide variations in abundance, and the possibility of local enrichments must be considered. Indeed, one of the early theories proposed for the occurrence of high helium wells attributed the high helium content to an underlying uranium deposit [Rogers, 1921] . If an order of magnitude or larger enrichment in the helium content of a natural gas is affected by this process, the gas should show The problem of recognizing the contribution of gases from the mantle or lower crust is extremely difficult. This is particularly true for helium and argon, since the earth is a highly differentiated body and the production of these elements is dependent on the U, Th, and K concentrations. the results derived from the solubility model for air argon. The latter data indicate that no significant amount of atmospheric type argon occurs in these gases above the amount that would be present from original equilibration with air. We infer from this that no deep-seated gases are contributing significant amounts of argon of this composition.
NOBLE GAS ABUNDANCES IN NATURAL GASES
The helium content of the gas samples investigated varies between 37 and 62,200 ppm and the radiogenic argon content varies between 3.7 and 5580 ppm. Since any attempt to explain the occurrence of the rare gases in natural gases must account for the absolute amounts and concentrations as well as for the ratio of radiogenic helium to radiogenic argon, factors influencing helium and argon abundances will now be discussed.
Whereas the (He/A)r• ratio is only weakly
time-dependent over times comparable to the age of the earth, the actual production of these gases is strongly time-dependent. The radiogenic helium and argon content of a natural gas reservoir is not necessarily proportional to the age of the source rock, but is, rather, a complicated function of the accumulation history of the gas. It is possible that much of the radiogenic gases are incorporated into the natural gas by a sweeping-up effect during the time of migration from the source to the reservoir rock. In such an event, the He and A content of the rocks at the time that they were traversed by the accumulating gases would be an important factor. If there was little noble gas escape before gas migration, the length of time between rock formation and petroleum accumulation would determine the concentration of He and A in the pore space. Studies of a number of oil and gas fields have shown that this time between source rock deposition and petroleum migration may vary from between tens of millions and hundreds of millions of years. The outgassing of very old basement rocks through metamorphism would be a possible source of high concentrations of these radiogenic gases. Such gases may leak into a sedimentary section through various fractures or faults. It may also be true for some cases that the noble gases have escaped continuously from the rocks during all times except the period of gas accumulation. In this event, the important time factor would be the length of the time interval over which gas migration took place.
Once the gases have been removed from the crystal lattices they become available for migration either by solution or by gaseous transfer. Under equilibrium conditions, the distribution of any gas between a gaseous and liquid phase is related approximately by Henry's law. It is, of course, questionable that equilibrium conditions prevail over large distances between the accumulated gases and interstitial pore fluids. It will, however, be assumed in the following discussion that diffusive equilibrium obtains for the rare gases and the consequences of such a model will be investigated.
Equilibrium model. Goryunov and Kozlov [1940] have pointed out the importance of solubility phenomena in natural gas accumulation, and part of the following discussion parallels their work.
Let us consider an equilibrium reservoir model in which the rock has a porosity p, and suppose the pore space to be occupied by both an aqueous phase (s) and a gas phase (g), all under a hydrostatic pressure of P atmospheres. Let the volumes occupied by the gas and aqueous phase be V, and V', respectively, and the concentrations of gas species i in each of these phases be C As will be shown later, such a value is obtainable only under extreme conditions. It is, of course, obvious that if, in a certain environment, radiogenic helium had associated with it another component not subsequently removed, we would not find a pure helium gas.
If we let C• equal the •nean concentration of gas species i in the total pore space of the system, then, from (6) we have c, = --
From (7) we see that if all of the gas species i occurs in the gas phase the mean concentration will simply equal the concentration in the gaseous phase. If, however, because of the rather insoluble nature of some gases, we have most of the gas dissolved in an aqueous phase with only a very small gas bubble in equilibrium with it (f?-----0), we gain a factor of K• in C•g over the mean pore space concentration. Thus, an infinitesimal bubble of helium in equilibrium with a liquid at 50øC will have a He concentration of 110 times higher than the new concentration. As will be shown below, most reservoir gases appear to have significant amounts of gas in a dissolved phase. The previous model has treated only a gas with an aqueous phase. For gases associated with a liquid petroleum phase, the equilibrium relationship involving this phase in addition to an aqueous and a gaseous phase must be considered. This will obviously increase the number of variables in the model caluclations. The effect of water salinity must also be taken into account in a more precise calculation.
In addition to the radiogenic noble gas content of natural gases, argon having the composition of present-day atmospheric argon is found to be present in all of the gas samples. As discussed previously, the origin of this air argon is uncertain. For purposes of discussion, we assume it to be due to the release from connate or ground waters which were originally saturated with argon under atmospheric conditions. If the system is closed subsequent to burial, We see that for the assumed equilibrium model it is possible to calculate the fraction of species i which is in the gas phase. This may be applied to other gases as well as to radiogenic He and A. In Table i we cannot reasonably assume that either the uranium or thorium concentrations, or both, in this source are abnormally high, although a factor of 2 increase may well occur. Although the gas reservoir is in Pennsylvanian strata, it is possible that the radiogenic fraction of the gas was chiefly derived by the outgassing of much older basement rock containing a correspondingly higher helium concentration. Also, the possibility that our equilibrium solubility model is incorrect would allow for a twofold increase in the helium concentration in the gas phase above that calculated. A favorable combination of these three effects could just allow for the observed helium concentration in the gas. In addition, it is possible that whereas the porosity of the reservoir rock is 2 per cent, the effective porosity of the entire source rock system is much lower. This might be expected if most of the helium were derived from a very tight basement complex. It is difficult to tell which are governing factors in this case. At present, we surmise that this gas has probably been produced by the favorable conjunction of several of these effects. It should be emphasized that it is rather difficult to account for this factor of 10; if an additional factor of 10 were required, it would be impossible to obtain this reasonably in terms of the present model. If we compare the San Juan high helium gas with that from the Texas Panhandle, we see that the former gas not only contains more than a fivefold higher abundance in helium, but also a 35 times greater helium concentration, due to the higher pressure of the San Juan gas.
It should be pointed out that a gas that existed at rather shallow depths with a particular abundance of helium and subsequently transported as a' closed system to a great depth will retain the same helium abundance, but it will have a much higher helium concentration. Such a gas will, of course, not be in equilibrium with the surrounding aqueous reservoir and will ultimately return to a lower helium concentration.
There is no evidence supporting such a transportation history for the San Juan gas.
We have seen that under equilibrium conditions the concentration of a slightly soluble gas such as He or A in the gaseous phase is of the order of 10 s times its concentration in solution.
The uniform release of these gases from a homogeneous source rock into a system which contains both pore liquid and gas would, in the absence of complete diffusive equilibrium, tend In some of the cases reported, the Rn level was sufficient to account for the helium present, assuming steady production for 10 s years. In others, it could contribute only 0.1 per cent of the He. Since more He may escape from the reservoir rocks than is indicated by the Rn concentration, it is quite possible that some gases obtain their helium after their final e_ntrap-ment. In any case, the Rn data do not support the case for the generation of these helium containing gases from high uranium concentra- Using these data, a frequency histogram was constructed. The cumulative data, plotted on log probability paper, are shown in On the other hand, it is possible that some distillation mechanism has been particularly operative in the production of these gases and has selectively enriched the gas phase in helium. In those gases where total methane and CO• carbon were analyzed, it was possible to calculate approximate ranges of the • value for the higher hydrocarbons. Because small uncertainties in the known • values are greatly increased in such a calculation, it can only be concluded that the • value of the higher hydrocarbons is generally 5-15 per mil greater than the methane.
The low value of
If we consider the carbon dioxide gases, we see that they are often associated with stratigraphic sections also containing carbonate rock and igneous intrusives and lavas. Lang [Lang, 1959; Miller, 1937] has been published on the origin of high carbon dioxide gases; however, no detailed work has been done on the CO•. in ordinary petroleum gases. Here, the CO• generally makes up between a few hundredths of a per cent and a few per cent of the total gas.
The 5 values for all the CO2 analyses are seen to lie between --21.9 and •-12.8. In every case, the CO•. carbon is considerably heavier than that of the coexisting methane or total gas. This is a remarkable regularity which must have important genetic significance.
If we assume that the CH,-CO.,. pairs were in isotopic equilibrium within a gas phase under certain conditions, and that subsequent to that time these values were 'quenched in,' we may calculate effective temperatures. Such temperatures were computed using the fractionation factor as calculated by Craig [1953] . These results are given in Table 3 . Since the kinetics of this exchange are completely unknown, we are unable to say under what conditions we would expect equilibrium to occur and be frozen in. The possible ranges in temperature which we might obtain, assuming equilibrium to have occurred at some time, are room temperature and the maximum temperature which these gases may have experienced. Some of the calculated temperatures range up to several hundred degrees centigrade. This is considerably in excess of the actual well temperatures. Since it is generally agreed that petroleums do not result through high temperature processes of formation, we conclude that some of these gases lie well outside the range to be expected from equilibrium considerations.
Although it is thus doubtful that complete isotopic equilibrium prevails, it is impossible to say whether the CIt4-COs pairs represent a partial attainment of isotopic equilibrium. it is significant that in every case of unreasonable temperature, the t]co, value appears to be lower than the expected equilibrium value. That is, if isotopic equilibrium were to be attained in those gases, t]co. would have to become more positive. Thus, assuming only equilibrium processes to be operative between the COs and the CH4, the observed t• values would represent the maximum value which they could have originally had. Although nine of the samples listed in Table 3 At present, it is not possible to explain uniquely the genesis of the carbon dioxide found in petroleums.
CONCLUSIONS
All the natural gases studied exhibit values of R which indicate that they are of a common family and have obtained their radiogenic gases from rather average rock types. The variations in abundance of radiogenic helium and argon in these gases are due to the effects of leakage and entrapment, solubility, porosity, and age of the source rocks. Major differences in the abundances of He cannot be due to large variations (over a factor of 50) in the abundance of U and Th in the source rocks.
For many cases studied, only a small fraction of the N,. present may be attributed to the incorporation of air.
The methane was found to have extremely light carbon as suggested by previous workers. In addition, it was found that the carbon isotopic composition of COs was always heavier than in the coexisting CHq. This could not be reasonably attributed to complete isotopic equilibrium between these gaseous species.
It is possible that the concentration of atmospheric argon in a gas reservoir may be correlatable with the amount of reservoir water with which it was equilibrated. 
